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Department of Biochemistry and Molecular Biology, Monash University, Clayton, Victoria, AustraliaABSTRACT The human serine protease inhibitor (serpin) a-1 antitrypsin (a1-AT) protects tissues from proteases of inflamma-
tory cells. The most common disease-causing mutation in a1-AT is the Z-mutation (E342K) that results in an increased propen-
sity of a1-AT to polymerize in the ER of hepatocytes, leading to a lack of secretion into the circulation. The structural
consequences of this mutation, however, remain elusive. We report a comparative molecular dynamics investigation of the
native states of wild-type and Z a1-AT, revealing a striking contrast between their structures and dynamics in the breach region
at the top of b-sheet A, which is closed in the wild-type simulations but open in the Z form. Our findings are consistent with exper-
imental observations, notably the increased solvent exposure of buried residues in the breach region in Z, as well as polymer-
ization via domain swapping, whereby the reactive center loop is rapidly inserted into an open A-sheet before proper folding of
the C-terminal b-strands, allowing C-terminal domain swapping with a neighboring molecule. Taken together, our experimental
and simulation data imply that mutations at residue 342 that either stabilize an open form of the top of b-sheet A or increase
the local flexibility in this region, may favor polymerization and hence aggregation.INTRODUCTIONAlpha 1-antitrypsin (a1-AT) belongs to the serine protease
inhibitor superfamily. The native fold of a1-AT is composed
of nine a-helices and three b-sheets and an extended reac-
tive center loop (RCL) (Fig. 1 A) (1). The native serpin
fold is a kinetically trapped metastable conformation that
uses the extended RCL as bait for serine proteases. Upon
protease binding the RCL is cleaved and the serpin
undergoes a major irreversible structural rearrangement,
where the cleaved RCL is inserted between strands 3 and
5 of the A b-sheet (2). As a result, the active site of the
bound protease is critically distorted, leaving it inactive
and trapped (2). Although this mechanism allows a high
degree of regulation of serpin activity, it renders members
of this superfamily vulnerable to misfolding and aggrega-
tion (3).
a1-AT is synthesized mainly by hepatocytes (4) and
protects lungs cells from excessive elastase activity (5).
Several disease-causing mutations of a1-AT have been iden-
tified, the most common of them being the Z-variant
(E342K) located at the breach region, at the top of the A
b-sheet (6) (Fig. 1 A). The Z-variant has an increased
propensity to polymerize in the endoplasmic reticulum of
hepatocytes leading to cell death and liver damage (6). In
addition, a1-AT aggregation causes a reduction in the over-
all inhibitory capabilities of the plasma that results in unhin-
dered elastase activity and subsequently emphysema (7).
Importantly, ~15% of Z a1-AT does fold correctly and is
secreted from the hepatocytes. This Z a1-AT, unlike theSubmitted November 20, 2011, and accepted for publication May 16, 2012.
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0006-3495/12/06/2856/10 $2.00WT form, polymerizes under physiological conditions and
pathological Z a1-AT polymers have been detected
in circulation (8) and in the lung (9). Understanding the
molecular mechanisms of serpin polymerization has been
an intensely active area of investigation over the past
15 years. Studies have shown that a1-AT polymerization
can form a heterogeneous mixture of polymers (10), is
temperature-dependent (6), pH-dependent (11), and concen-
tration-dependent (12), and can be blocked by RCL homol-
ogous peptides (6,12,13) as well as citrate ions (14).
Although the structure of Z a1-AT and its associated
polymer are not known, recent structural and biochemical
data suggest that polymerization occurs via a domain-
swapping event (6,15).
Unfortunately, the structural mechanism by which the
mutation E342K facilitates a1-AT polymerization remains
unknown. One possible mechanism is that the stability of
the already folded protein is lost, leading to a conformational
change that results in a polymerogenic species (11,16,17).
However, it was shown that although Z a1-AT polymerized
faster than wild-type a1-AT, it is as thermodynamically
stable as the wild-type (19). Observations that in vivo
polymerization of a1-AT occurs mainly in the ER suggest
that folding-intermediates, not the native state, play the
dominant role in polymerization. Due to the intrinsic short
lifespan of the species involved in folding and polymeriza-
tion, experimental methods such as crystallography are
limited. Therefore, theoretical methods such as molecular
dynamics (MD) are necessary to understand, at an atomic
level, the conformational differences between wild-type
a1-AT and the Z-variant. In this article, we use MD simula-
tions and fluorescence spectroscopy to investigate the struc-
tural and dynamical differences among wild-type, E342K,
E342Q, and E342R mutated a1-AT.doi: 10.1016/j.bpj.2012.05.023
FIGURE 1 a1-AT structure and representative overviews of the
dynamics of different simulated systems. (A) The crystal structure of
wild-type a1-AT (PDB 1QLP (1)) indicating the nomenclature of the
helices and strands. The positions of the breach, shutter, proximal-hinge,
and RCL are indicated. (B and C) Superposition of 30 structures sampled
every 10 ns from a 300-ns simulation of wild-type and E342K mutated
a1-AT, respectively.
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System setup
Six systems were simulated: wild-type, E342K, E342Q, E342R, and
K290E/E342Kmutated a1-AT in solution, and wild-type a1-AT in a crystal-
line-like environment. The atomic coordinates of wild-type a1-AT were
taken from the crystal structure of Elliott et al. (PDB:1QLP (1)). E342K,
E342R, E342Q, and K290E/E342K mutated a1-AT atomic coordinates
were achieved by in silico mutation of wild-type using PyMOL version
1.3r2 (20). Two models of E342K were built, differing in K342 side chain
conformation: E342K_conf1 in which the K342 side chain is pointing
toward T203, and E342K_conf2 in which the side chain points directly to
solvent. Ionizable residues were in their standard protonation states at pH 7.
Each system was first put into a suitably sized box, of which the minimal
distance from the protein to the box wall was 1.4 nm, except in the case of
wild-type a1-AT in a crystalline-like environment where no minimal
distance was used. This was done to mimic the crystal lattice interactions
of 1QLP. Each box was then subjected to energy-minimization before
commencing dynamics. To avoid unnecessary distortion of the protein
when the molecular dynamics simulation is started, a gradual positional-
restraints procedure was used. Three consecutive equilibration runs in
which all heavy protein atoms are restrained to their starting positions
(using a force constant of 1000, 100, and 10 kJ mol1 nm2 respectively)
while the water is relaxing around the structure. Each system was then
subjected to free simulation with configurations stored every 100 ps for
analysis.Simulation parameters
All simulations were performed using the GROMACS package Ver. 4.0.7
(21) in conjunction with the GROMOS 53A6 united-atom force field
(22). Water was represented explicitly using the simple-point-charge model
(23). Each system was simulated under periodic conditions in a cubical box.
Simulation conditions were roughly the same as described in Oostenbrink
et al. (22). Briefly, the temperature of the simulation systems in solution
was maintained by independently coupling the protein and the solvent to
an external temperature bath at 298 Kelvin (K) with a coupling constantof tT ¼ 0.1ps using a Berendsen thermostat (24). The pressure was
maintained at 1 bar by weakly coupling the system to an isotropic pressure
bath (24), using an isothermal compressibility of 4.6  105 bar1 and
a coupling constant of tP ¼ 1 ps. During the simulations, the length of
all bonds within the protein was constrained using the LINCS algorithm
(25). The time step for integrating the equations of motion was 2 fs.
Nonbonded interactions were evaluated using a twin-range cut-off scheme:
interactions falling within the 0.8-nm short-range cutoff were calculated
every step whereas interactions within the 1.4-nm long cutoff were updated
every three steps, together with the pair list. A reaction-field correction was
applied to the electrostatic interactions beyond the long-range cutoff (26),
using a relative dielectric permittivity constant of 3RF ¼ 62 as appropriate
for simple-point-charge water (27). Wild-type a1-AT and mutants were
simulated three times independently, each system starting with a different
distribution of initial velocities.
Simulations of wild-type a1-AT under conditions mimicking the crystal-
line environment were performed at 100 K, i.e., the temperature of x-ray
data collection for PDB:1QLP, and under constant pressure. The tempera-
ture of the system was maintained by independently coupling the protein
and the solvent to an external temperature bath at 100 K with a coupling
constant of tT ¼ 0.1ps using a Berendsen thermostat (24). Long-range
electrostatics were calculated using the particle-mesh Ewald (28), with
a 1.4-nm cutoff for the direct space calculation. These conditions, although
different to those used for parameterizing the force field, were used to
mimic the conditions under which x-ray data were collected. Specifically,
we used particle-mesh Ewald for the calculation of electrostatic interac-
tions, as this is known to induce order in small simulation boxes (29,30).Root mean-square deviation
The position deviations of each Ca atom with respect to its initial structure
(as described in System Setup, above) were calculated every 100 ps, after
performing a least-squares fit to its initial structure.H-bonds
H-bonds were calculated as a function of time. Two atoms are being defined
as having an H-bond if the distance between the donor and the acceptor
atoms is %0.35 nm and the acceptor-donor-hydrogen angle is <30.Electrostatic surface potential calculations
The electrostatic potentials of models were calculated using APBS Ver. 1.3
(31). Atom parameters for the calculation were taken from the GROMOS
53A6 force field (22). Electrostatic potential was visualized using the
PyMOLVer. 1.3r2 (20) with positive potential in blue and negative potential
in red in a range between 1 and þ1 kBT/ec, where kb is the Boltzmann
constant, T is the temperature (set to 298K), and ec is electron charge.Materials
4,40-Dianilino-1,10-binaphthyl-5,50-disulfonic acid, dipotassium salt (bis-
ANS) was purchased from Invitrogen (Carlsbad, CA).Production of recombinant a1-AT mutants
The a1-AT mutants were generated using the pHILD2 vector (Invitrogen)
carrying the a1-AT gene as a template (32). To introduce the single
amino-acid substitution, the E342 residue was mutated with KOD DNA
polymerase (Novagen, Madison, WI) using the Quik-Change site-directed
mutagenesis approach (Stratagene, La Jolla, CA) and all mutations were
verified with DNA sequencing. The a1-AT variants generated wereBiophysical Journal 102(12) 2856–2865
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previously in Levina et al. (32).Characterization of inhibitory properties
The stoichiometry of inhibition (SI) of the a1-AT variants against bovine
chymotrypsin was determined as described previously in Levina et al. (32).Spectroscopic methods
All spectra were recorded at room temperature on a FluoroMax-4 spectro-
fluorometer (HORIBA Jobin-Yvon, Edison, NJ) in a 1-cm path-length
quartz cell. For tryptophan emission, spectra samples were excited at
295 nm and spectra were collected from 300 to 500 nm (increment
0.5 nm). Excitation and emission slit widths were set at 5 nm and the
integration time at 0.1 s. The protein concentration was 2 mM in 50 mM
Tris and 90 mMNaCl, pH 8.0. The absorbance at the excitation wavelength
remained below 0.05. For bis-ANS emission spectra, samples were excited
at 390 nm and spectra were collected from 400 to 600 nm (increment
0.5 nm). Excitation and emission slit widths were set at 3 nm and the inte-
gration time at 0.1 s. The protein concentration was 1 mM and the bis-ANS
concentration 5 mM in 50 mM Tris and 90 mM NaCl, pH 8.0.Determination of the rate of polymerization
The rate of polymerization was determined by native polyacrylamide
gel electrophoresis (PAGE). Samples of protein (10 mM) were incubated
at 42C in 90 mM NaCl and 50 mM Tris, 1 mM EDTA, and 5 mM b-mer-
captoethanol at pH 8.0 and put on ice at various time-points to quench the
reaction. Ice-cold nondenaturing sample buffer was added and samples
were analyzed using 10% nondenaturing polyacrylamide gel electropho-
resis. The rate of polymerization was determined by following the loss of
monomer using an exponential decay function.FIGURE 2 Representative structure of b-sheet A and proximal-hinge of
(A) wild-type and (B) E342K mutated a1-AT. Superposition of snapshots
taken every 30 ns from 300-ns simulations aligned to the crystal structure
of wild-type a1-AT (green, PDB 1QLP (1)), shown as a cartoon represen-
tation. For clarity, only s3A, s5A, and the RCL of the snapshots are shown,
superposed on the crystal structure. The color coding is indicated in the
legend, as a gradient going from early (blue) to late (red), except for the
initial structure (green).RESULTS
Wild-type and Z a1-AT are stable throughout
simulations
Molecular simulations of both wild-type and modeled
E342K a1-ATwere performed. The wild-type a1-AT simu-
lation started from the crystal structure of a1-AT in the
native state (PDB:1QLP), whereas the simulation of Z
started from the E342K mutation modeled into the wild-
type a1-AT 1QLP coordinates, in two conformations (see
below). For each system, three independent simulations of
300 ns were performed. In all cases, the majority of
secondary structure, including helices hA and hB, b-sheets
A and most of B (except s1B), remained stable throughout
the simulation (Fig. 1, B and C; and see Movie S1 and
Movie S2 in the Supporting Material). In contrast, hF, the
top of hD as well as the RCL, all showed a high degree of
flexibility, consistent with high crystallographic B factors
(1) and susceptibility to H/D exchange (33).
Calculated root mean-square deviations (RMSDs) (see
Fig. S1 in the Supporting Material) indicate system equili-
bration times ranging from 25 to 40 ns, with the shifts in
Ca values reaching a plateau within the productive stages
of the simulations (typically after 50 ns of simulations);Biophysical Journal 102(12) 2856–2865the average Ca RMSDs were found to stabilize at 0.37 5
0.02 nm for wild-type a1-AT, and at 0.43 5 0.04 nm and
0.415 0.04 nm for E342K-mutated a1-AT starting confor-
mations 1 and 2, respectively. The RMSD values and
inspection of snapshots, suggests that despite small shifts,
both wild-type and the Z a1-AT are stable during simula-
tions, and that the E342K mutation does not affect the over-
all stability, conformation, and dynamics (Fig. 1, B and C).
The RCL in wild-type and Z a1-AT shows a high degree of
movement during simulations (Fig. 2). This is consistent
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observed in crystallographic structures (1,34,35).FIGURE 3 Interstrand H-bonds between strands s3A and s5A during
simulations. Interstrand H-bonds between strands s3A and s5A of (A)
crystal structure, and representative time-averaged structure (over the
last 50 ns of simulation) of (B) wild-type and (C) E342K-mutated a1-AT.
Differences in H-bond patterns can be seen, as wild-type a1-AT
has H-bond interactions between T339 / G192, G192 / D341, and
D341 / W194 that are formed during simulations. (D) Number ofThe starting conformation of K342 does not affect
the dynamics of E342K mutated a1-AT
Two different starting side chain conformations of K342
were modeled to prevent sampling bias from the starting
configuration (see Fig. S3). In E342Kconf1, the side chain
of K342 forms an H-bond with the side chain of T203 and
the backbone carbonyl of V200. In contrast, in E342Kconf2,
the side chain of K342 was modeled to extend out toward
solvent, having no H-bond interactions with the protein.
Nevertheless, after <5 ns of simulation, the conformation
of K342 in E342Kconf2 shifts toward that in E342Kconf1
(where K342 forms stable H-bonds with T203 and V200;
see Fig. S3). Due to the conformational convergence of
E342Kconf1 and E342Kconf2, both systems share a high
degree of similarity in structure and dynamics throughout
simulations.H-bonds between s3A and s5A main-chain atoms as a function of simula-
tion time for wild-type and E342K-mutated a1-AT (black and red, respec-
tively). The average number of H-bonds for the last 200 ns of the
simulations between s3A and s5A is 10 5 1 and 8 5 1 for wild-type
and E342K mutated a1-AT, respectively.The top of b-sheet A zips up in wild-type a1-AT
but not in the Z variant
Comparison of the structure at the top of b-sheet A for both
wild-type a1-AT and the Z variant during simulations
reveals that wild-type and Z a1-AT differ strikingly in the
number and length of H-bonds between s3A and s5A, the
expulsion of the proximal-hinge from the top of b-sheet
A, and the conformation of the RCL (Figs. 2 and 3). In
the early stages (20–40 ns) of the wild-type simulations
the proximal-hinge (residues 342–347 of the RCL;P17-P12)
is expelled from the top of b-sheet A, followed by
a zipping-up of b-strands s3A and s5A at the top of b-sheet
A, which occurs between 30 and 50 ns (Figs. 2 A and 3 B).
As such, two new H-bonds are formed, between the back-
bone atoms of T339 to G192 and G192 to D341 (Fig. 3 B;
and see Table S2 in the Supporting Material).
In contrast, the conformation of the proximal-hinge
region inZa1-ATis found to be stable throughout simulation,
with no structural change observed at the top of b-sheet A
(Figs. 2 B and 3 C). Thus, whereas during the simulation of
wild-type a1-AT the top of b-sheet A zips up, it remains
partially open during the simulation of Z a1-AT.The breach region is partially solvent-exposed
in Z but not in wild-type a1-AT
The breach region, the area at the top of b-sheet Awhere the
RCL first inserts after cleavage by the protease, contains
several highly conserved residues, in particular W194 that
is present in >95% of all serpins (36). We observed differ-
ences in the solvent exposure of W194 side chain during
wild-type and Z a1-AT simulations (see Fig. S4). As a result
of opening the top of the A-sheet, the solvent-exposed sur-face area of W194 during the last 100 ns of the simulations
was found to be 0.445 0.15 nm2 and 0.785 0.18 nm2 for
wild-type and Z a1-AT, respectively. In contrast, the solvent
exposure of W238, which is situated on b-sheet B, is similar
for both proteins (1.21 5 0.18 nm2 and 1.20 5 0.20 nm2,
respectively). In the crystal structure of wild-type a1-AT,
the side chain of W194 forms a H-bond with the backbone
carbonyl of D341, but closure of the top of sheet-A in the
breach region early in the simulation of wild-type a1-AT
results in the loss of this interaction, with the W194 back-
bone amine forming a H-bond with the carbonyl of D341
(see Table S1 and Fig. 4 A). In contrast, in Z a1-AT, the
H-bond between D341 to W194N 31 is maintained during
the productive stage of simulations (Fig. 4 B). These obser-
vations are consistent with recent experimental data that
indicate conformational differences at the top of b-sheet A
between wild-type and Z a1-AT, in addition to increased
solvent exposure and polarity of surroundings for W194 in
Z compared to wild-type a1-AT (37).Electrostatic interactions of K342 favor a partially
open conformation at the top of b-sheet A in Z
a1-AT
In simulations of wild-type a1-AT, E342 maintains a confor-
mation similar to that seen in the crystal structure—being
stabilized by a salt-bridge with K290NZ, which is also
present in the crystal structure (Fig. 4 A). The H-bond
between E342 and T203, present in the crystal structure,
is not maintained during the simulations. In contrast, inBiophysical Journal 102(12) 2856–2865
FIGURE 4 Representative conformations of
residue 342 of (A) wild-type, (B) E342K, (C)
E342Q, (D) E342R, and (E) K290E/E342K-
mutated a1-AT. Structures are time-averaged
over the last 50 ns of the simulation. Whereas
residues E342 and Q342 (A and C) formed a salt-
bridge with K290, K342 and R342 formed
H-bonds with T203 and V200 (B and D). In addi-
tion, a salt-bridge between D341 and W194 is
found in E342K-mutated a1-AT but not in the
wild-type protein.
2860 Kass et al.simulations of Z a1-AT K342 that is electrostatically
repelled by the positive potential of this region, particularly
K290 (Fig. S5 B), adopts a different conformation in which
its side chain forms H-bonds with the backbone of T203 and
V200. As a result, the difference in conformations between
Glu and Lys at position 342 contribute to the dynamic and
structural differences at the top of b-sheet A. Specifically,
the conformation of K342 is dictated by the surrounding
electropositive potential and stabilized by H-bonds to
T203 and V200, thus preventing the expulsion of the RCL
hinge-region from the top of b-sheet A. In contrast, in the
wild-type structure, E342 can adopt a conformation that
allows the expulsion of the proximal-hinge and the closure
of the top of b-sheet A.Stereochemical and physicochemical properties
of residues at position 342 dictate the
conformation at the top of b-sheet A in a1-AT
To investigate the role of electrostatics, polarity, and the
physicochemical nature of residue 342, we performed MD
studies of both E342Q and E342R mutations modeled into
a1-AT. These mutations were deemed the most stereo-
chemically conservative substitutions while allowing us to
alter the chemical properties of the side chain. Both muta-Biophysical Journal 102(12) 2856–2865tions introduce a positive electrostatic potential similar to
that in the E342K Z-variant (see Fig. S5, C and D) and
thus their proximity to K290 is energetically unfavorable.
Both E342Q and E342R were found to be stable during
simulations, with average Ca RMSDs of 0.39 5 0.02 nm
and 0.375 0.02 nm, respectively, after 50 ns of simulation
(see Fig. S1). However, in contrast to Z a1-ATwe found that
E342Q and E342R adopt two distinct conformations
throughout simulations. Initially, the proximal-hinge of
both proteins is expelled after 40–60 ns of simulation (see
Fig. S6, A and B) and the top of b-sheet A in both cases
closes (see Fig. S2 and Table S2). Thus, although the side
chains of Arg and Gln at position 342 adopt a conformation
similar to that of K342, they allow the expulsion of the
proximal-hinge and the closure of the top of b-sheet A.
However, during simulations both E342Q (150–170 ns)
and E342R (180–200 ns) undergo a local conformational
change, resulting in a small degree of opening of the top
of b-sheet A (see Fig. S2 and Table S2). This conformation
is stabilized by H-bond interactions between the side chains
of Q342 and R342 to T203Ng and V200, as seen in E342K
(Fig. 4, D and E; and see Movie S3 and Movie S4).
As a result of this slight opening of the top of the A-sheet,
the solvent-exposed surface area of W194 during the last
100 ns of simulations was found to be 0.66 5 0.17 nm2
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tively. In contrast, the solvent exposure of W238 is similar to
that of WT a1-AT and the Z-variant (1.195 0.18 nm2 and
1.225 0.20 nm2, respectively). Thus, simulations show that
both E342Q and E342R can adopt open and closed confor-
mations at the top of b-sheet A. The transition between
conformations, seen in E342Q and E342R simulations, but
not for Z a1-AT, is likely due to differences in the properties
of Arg and Gln side chains. Although the side chains of Arg
and Lys are similar, the Arg side chain harbors a bulky gua-
nidinium moiety that may slow the rate of its structural
rearrangement, allowing for some plasticity at the top of
b-sheet A (see Movie S3). In contrast, the side chain of
Gln is shorter compared to that of Lys, having an amide
instead of an amino group. As a result, throughout simula-
tions its side chain adopts two conformations—one in which
it is close to K290 and another in which it is close to T203
(Fig. 4 C; and see Movie S4).
Taken together, these observations imply that removing
the negative charge at position 342 (E342Q) or even replac-
ing it with a positive one (E342R) does affect the final
conformation of b-sheet A. However, whereas E342R forms
stable interactions with T203 and V200, in a similar manner
to E342K, E342Q does not. Rather, it seems to alternate
between a conformation in which its side chain is near
K290 and a conformation in which it interacts with V200.The Z reversal mutation K290E/E342K reveals
wild-type-like dynamics
The K290E mutation was shown to rescue the Z-variant of
a1-AT, maintaining a wild-type-like secretion level from
cells (38). Because our simulations indicate that electro-
static and H-bond interactions play an important role in
the conformation and dynamics at the top of b-sheet A,
we were interested to see whether MD could provide insight
into how a second mutation can repair the deleterious effects
of the Z mutation. We therefore modeled the double-mutant
K290E/E342K and performed MD simulation. K290E/
E342K was found to be stable during simulations, with
average Ca RMSDs of 0.425 0.02 nm after 50 ns of simu-
lations (see Fig. S1). During simulations, K342 maintained
a salt-bridge with E290, as seen in wild-type simulations
(Fig. 4 E). As a result, the double mutant is dynamically
similar to wild-type a1-AT (see Fig. S6 C and Movie S5),
with its proximal-hinge being expelled after 20–40 ns of
simulation. Unlike the Z variant, no H-bonds are seen
between K290 and T203 or V200. These results indicate
that the rescue mutation K290E restores a salt-bridge
between position 290 and 342 of a1-AT, allowing the top
of b-sheet A to zip up, as seen in the wild-type simulations.
As a result of the closed conformation at the top of the
A-sheet, the solvent-exposed surface area of W194 during
the last 100 ns of simulations was found to be 0.50 5
0.10 nm2, in contrast to 1.21 5 0.19 nm2 for W238.Effect of crystal packing on the conformation
of the RCL and the top of b-sheet A
The effect of crystal packing on protein structure has been
studied widely by comparing identical molecules crystal-
lized in different forms (39–44). In general, it was observed
that whereas more loosely organized segments of secondary
structure might be affected, the main protein core is largely
invariant. However, in a few cases such as T4 lysozyme,
large structural changes have been reported (39). The
temperature at which an experiment is performed can also
affect the structure. A recent comparison of crystal struc-
tures determined at room temperature and 100 K (45)
indicate that cryo-cooling can affect the energy-landscape
of molecules, resulting in smaller, overpacked models. In
addition, cryo-cooling significantly reduces or even elimi-
nates motions important for protein function. We were
therefore interested in whether crystal packing or tem-
perature were related to the conformational changes we
observed in our simulations.
We ran MD simulations of wild-type a1-AT in a crystal-
line-like environment at 100 K, simulating the crystal
packing forces and the cryogenic temperatures of 1QLP.
In contrast to the simulations of wild-type a1-AT in solu-
tion, wild-type a1-AT under crystal conditions displays
significantly less flexibility (see Fig. S6 D). This is particu-
larly apparent in the RCL, s4C-s3C turn, hD-s2A turn,
and hF, all of which are in crystal packing regions (see
Fig. S7). This is consistent with experimental hydrogen
exchange data that show that the flexibility of hD and hF
higher in solution than that predicted based on the crystal
structure (33).
Interestingly, in the crystalline simulation the proximal
hinge is not expelled from the top of b-sheet A, as seen in
the simulations in solution. This suggests that the proximal
hinge conformation observed in the crystal structure of
1QLP is stabilized by crystal packing and probably also
related to the cryogenic temperature of data collection. In
addition, it provides an explanation for the structural
changes in this region observed early in the simulation of
wild-type a1-AT.The stoichiometry of inhibition of both E342Q
and E342R mutated a1-AT is higher than that
of wild-type a1-AT
Wild-type, Z variant (E342K), E342Q-, and E342R-mutated
a1-AT were expressed in P. pastoris and purified as
described previously (32). The stoichiometry of inhibition
(SI) of each a1-AT variant was determined against bovine
chymotrypsin (Table 1). All a1-AT variants were functional
inhibitors of this proteinase, however, all mutants had
elevated SI values compared to the wild-type. It has previ-
ously been shown that the Z mutation results in an increased
substrate behavior with ~40% following the substrateBiophysical Journal 102(12) 2856–2865
TABLE 1 Stoichiometry of inhibition (SI) and polymerization
properties of wild-type a1-AT and mutants
a1-AT variant SI kagg (h
1)
wt 1.05 0.1 —
E342K 1.85 0.3 4.85 0.3  102
E342Q 1.45 0.1 2.35 0.2  102
E342R 1.75 0.1 4.35 0.3  102
2862 Kass et al.pathway (32,46,47). Our data suggest that both E342Q and
E342R mutations have a similar effect on a1-AT, increasing
the SI from 1.05 0.1 for wild-type a1-AT to 1.45 0.1 and
1.7 5 0.1, respectively. This indicates that mutations at
position 342 decrease the rate of RCL insertion into the
A-sheet after proteinase docking to a1-AT, thereby leading
to an increase in substrate behavior. Both the Z variant (SI¼
1.85 0.3) and E342R mutated a1-AT result in elevated SI
values compared to E342Q mutated a1-AT. This suggests
that whereas the loss of salt-bridge interactions with K290
impairs the inhibitory process, a positively charged amino
acid at position 342 imposes greater effects.FIGURE 5 Fluorescence emission spectra of wild-type and mutated a1-
AT. (A) Tryptophan emission spectra (lex ¼ 295 nm) of wild-type (dotted
line), E342K (solid line), E342Q (dashed line), and E342R (shaded line)
mutated a1-AT. (B) bis-ANS emission spectra (lex ¼ 390 nm) in the pres-
ence of wild-type (dotted line), E342K (solid line), E342Q (dashed line),
and E342R (shaded line) -mutated a1-AT.Fluorescence analysis of E342Q and E342R
mutated a1-AT
To determine the effect of the E342Q and E342R mutations
on the structural integrity of a1-AT, intrinsic and extrinsic
fluorescence emission scans were performed. Previous
work on Z-mutated a1-AT has shown that the molecule is
characterized by an increase in tryptophan fluorescence
emission intensity and a small red shift in the wavelength
of maximum fluorescence intensity (lmax) in comparison
to the wild-type (19). Additional work utilizing single
tryptophan mutants could then attribute these spectral
differences to a conformational change around W194
caused by the E342K mutation (37). Our data indicate that
both the E342Q and E342R mutations analyzed in this study
led to an increase in the tryptophan emission intensity in
comparison to wild-type a1-AT (Fig. 5 A). The data indicate
that the local environment of W194 in both mutants differs
from that of wild-type a1-AT. A red shift of lmax was,
however, only observed if residue 342 was mutated to a posi-
tively charged residue. Taken together, the data indicate that
in both E342Q and E342R mutated a1-AT, W194 is more
solvent-exposed compared to wild-type a1-AT. This is
consistent with our simulation data, which show some
plasticity at the top of the A-sheet.
To obtain information on the hydrophobicity of the a1-AT
variants, the fluorescent probe bis-ANS was used (Fig. 5 B).
It has previously been shown that Z a1-AT is characterized
by an increased exposure of hydrophobic regions, resulting
in an increase in bis-ANS fluorescence emission intensity
(19). Our data suggest that both E342Q and E342R muta-
tions lead to an increase in bis-ANS fluorescence emission
intensity in comparison to wild-type a1-AT. Similar to the
tryptophan emission scans, the bis-ANS emission scansBiophysical Journal 102(12) 2856–2865suggest slight differences between the E342Q variants and
the E342R and the Z a1-AT variants, with the highest bis-
ANS fluorescence intensity observed in the presence of
the latter two.Both E342Q and E342Rmutated a1-AT polymerize
faster than wild-type a1-AT
The effect of the E342K, E342Q, and E342R mutations
on the rate of a1-AT polymerization was determined at
physiological temperatures. Protein samples were incubated
at 42C and the loss of monomeric protein was followed
by native PAGE (Fig. 6 A). The rate of polymerization
as a function of monomer loss (kagg) was determined using
an exponential decay function (Fig. 6 B; Table 1). Whereas
wild-type a1-AT did not polymerize to a significant extent
under those conditions, all of the variants did. Differences
in kagg were observed between the mutants, with Z a1-AT
(kagg ¼ 4.8 5 0.3  102 h1) and the E342R (kagg ¼
4.3 5 0.3  102 h1) variant polymerizing at approxi-
mately double the rate of the E342Q (2.3 5 0.2 
102 h1) variant. This suggests that it is not solely the
loss of the salt-bridge that results in the increased polymer-
ization propensity of Z variant a1-AT but also the positive
charge at position 342. This is in good agreement with
previous work that determined the levels of a1-AT secretion
Molecular Dynamics Simulations of Z a1-AT 2863upon mutation of residue 342 in a mammalian cell system
(48). This study suggests that the E342Q mutation results
in secretion levels of 55% of normal and the E342K in
17% of normal.DISCUSSION
Z a1-AT is the most common pathological variant of a1-AT
(49,50), and differs from the wild-type by only one residue
(E342K) located in the breach region. The breach region is
important for controlling the conformational change that
occurs during protease inhibition (11,16,17), and is thus
characterized by a high degree of sequence conservation
across the serpin superfamily (36). As such, it is likely
that the hydrogen-bond network in this area is particularly
important for the inhibitory process (16). Because E342 is
located at the top of s5A and the base of the RCL, it is
one of these highly conserved residues, forming a salt-
bridge to K290 and a H-bond to T203 (16,33). Mutation
to K at this position is thus predicted to have significant
structural consequences that lie at the cause of the patholog-
ical phenotype of Z a1AT.
However, the nature of the structural response to the Z
mutation and hence the precise mechanism by which it
promotes a1-AT polymerization is unclear (15,16). To
investigate the effect of the Z mutation on the structure
and dynamics of a1-AT, particularly within the breach
region at the top of b-sheet A, we have performed a compar-
ison between the dynamics and structure of wild-type and
Z a1-AT using long MD simulations. In a previous theoret-
ical study, done by Jezierski and Pasenkiewicz-Gierula (51),
the native fold of both wild-type and E342K mutated a1-AT
was modeled, followed by a short simulated annealing
protocol. Based on the models, the authors conclude that
the mutation introduces an overall instability into the
protein. Our study is distinguished from the previous work
because our simulations are based on the experimentally
determined crystal structure of a1-AT, are significantly
longer in timescale (allowing equilibrium to be reached),
and include several mutations at position 342, allowing us
to explore the role of stereochemistry and physicochemistry
at this important location in the protein. Importantly, we also
use fluorescence spectroscopy to characterize the properties
of variants with mutations at this position.
The simulation data indicate that, in contrast to wild-type
a1-AT the presence of the mutation E342K causes the top
of b-sheet A to remain in a partially open configuration.
Whereas in wild-type a1-AT the proximal-hinge of the
RCL is expelled from the top of b-sheet A, the proximal-
hinge of E342K a1-AT is partially inserted into the top of
b-sheet A. Our findings are consistent with the recent char-
acterization of Z a1-AT using intrinsic fluorescence spec-
troscopy that showed that W194, a residue in the breach
region, is buried in wild-type a1-AT but has increased
solvent exposure in the Z form (46).These observations suggest that the Z mutation induces
a conformational change in the region around W194 that
leads to W194 being situated in a more polar environment.
Further, unfolding data suggest that the Z mutation leads
to the disruption of the structural integrity of b-sheet A
but does not decrease its thermodynamic stability (19).
This is consistent with the net maintenance of hydrogen
bonds in Z compared to wild-type a1-AT that we observe
during our simulations. Although wild-type a1-AT has
two more H-bonds compared with Z a1-AT (at the top of
b-sheet A) as well as a salt-bridge between K290 and
E342, the Z-form compensates by forming three new
H-bonds between V200, T203 to K342, and between
D341 and the side chain of T194. This indicates that despite
structural differences between wild-type a1-AT and the
Z-form, both proteins have a similar number of H-bonds and
salt-bridges, and as a result have similar thermodynamic
stabilities, consistent with recent fluorescence spectroscopy
studies (19,37).
Recently a mechanism for polymerization via domain
swapping was proposed based upon crystallographic and
biophysical studies, whereby the RCL is rapidly inserted
into a conformationally open/labile b-sheet A before proper
folding of the C-terminal b-strands, allowing C-terminal
domain swapping with a neighboring molecule (15). Our
key observation that the Z mutation stabilizes an open
conformation at the top of b-sheet A, might indicate that
this may also be a structural feature of folding intermediates,
thus favoring polymerization.
Our fluorescence and polymerization data for E342Q and
E342R mutated a1-AT, show clearly that they behave in
a similar fashion to the Z variant. However, our MD results
for these mutants predict that their characteristics should
be more similar to those of the wild-type protein. Close
inspection of the MD trajectories reveals that while the
top of the A-sheet does zip up to a large degree in both
mutants, unlike the wild-type some plasticity is present,
with some side-chain flexibility at position 342. This struc-
tural heterogeneity may be sufficient to allow rapid insertion
of the RCL into a conformationally open b-sheet A, result-
ing in polymerization. Taken together, our simulation and
experimental results imply that mutations at residue 342
that either stabilize an open form of the top of b-sheet A
(E342K) or increase the local flexibility in this region
(E342Q and E342R), favor polymerization (Fig. 6).
Our simulations of a1-AT in a crystal-like environment
indicate that crystal packing forces, in addition to cryogenic
temperatures, may influence the specific conformation of
various regions, and suggest that the structure of native
wild-type a1-AT in solution may differ from that seen for
the crystal form (at least in the case of 1QLP). Simulation
in solution indicates that some structural reorganization
may occur, specifically zipping up of the top of b-sheet A.
These finding are in agreement with biophysical data
for wild-type a1-AT in solution that suggest that the proteinBiophysical Journal 102(12) 2856–2865
FIGURE 6 Polymerization properties of wild-type and mutated a1-AT.
(A) Protein samples (10 mM) were incubated at 42C for the time spans
indicated and then stored on ice until subjected to native PAGE analysis.
(B) The rate of polymerization of wild-type (dash-diamond-dash), E342K
(dash-box-dash), E342Q (dash-circle-dash), and E342R (dash-down
arrow-dash) -mutated a1-AT was determined as a function of monomer
loss using the equation for exponential decay (lines).
2864 Kass et al.populates more closed conformations in solution (12,19,46).
One explanation for this behavior is that the wild-type
protein samples a range of conformations in the breach
region, perhaps partitioning between the open and closed
forms of b-strands s3A and s5A at the top of b-sheet A,
and the crystal lattice stabilizes the open form due to the
partial insertion of the RCL and the resulting conformation
of the RCL that are favorable for crystal packing. Indeed,
inspection of the crystal lattice environment in wild-type
a1-AT (1QLP) reveals lattice contacts involving s3C-
loop-s4c and the RCL that may serve to stabilize this RCL
conformation (Fig. S7).CONCLUSIONS
Our investigations identify specific interactions in the
breach region of the Z-variant of a1-AT that may playBiophysical Journal 102(12) 2856–2865a role in its greater propensity to misfold, aggregate, and
thus cause disease, and are consistent with biophysical
and structural data that highlight the importance of this
region in serpin folding and polymerization.SUPPORTING MATERIAL
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